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held at Sandia National Laboratories on 20-21 March 1985
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1.0 Introduction

A Specialists Meeting on Atomization and Non-dilute Spray Behavior was held

on March 20 and 21, 1985 at Sandic National Laboratories. The meeting was
Jointly sponsored by the Air Force Office of Scientific Research, the Army
Research Office and Sandia National Laboratories. The convening of the
meeting was motivated by the perception that the areas of atomization and
non-dilute spray tehavior were technologically important, poorly understood

and little studied. It was the expectation of the sponsors that, by providing
a forum for experts to review the current state of knowledge and identify
critical deficiencies, it would be possible to establish directions and priori-

~ ties for increasing the research in these areas.

Attendance at the meeting was by invitation only. This was done to keep the
number of attendees small enough to promote active discussion and participa-
tion from all. An attempt was made to include researchers who were representa-
tive of current activity in spray research, as well as those working in poten-
tially relevant areas. The List of Attendees is included as Appendix A.

The meeting was organized into six sessions. The first four, Dilute Spray
Behavior, Non-dilute Spray Behavior, Atomization, and Measurement Techniques,
were designed to review past and current research and provide a framework for
the last two sessions. These were a General Discussion of the material pre-
sented in the four reviews and final session devoted to developing a Summary
and Research Recommerdations resulting from the meeting., In the subsequent
sections of this report, each of the review sessions is summarized, followed
by a synopsis of the recommended research needs in the field. The Figures
used by the four invited speakers are included as Appendices B through E.
These Figures ire referenced in the following summary sections.

2.0 Dilute Sprays

The summary of Dilute Spray Behavior was given by Professor Gerard Faeth

of Pennsylvania State University. The lecture was intended to preface the
areas of major concern for the meeting by reviewing results in a spray regime
in which research directions were relatively well defined and not in need of
further stimulation. In fact, even this presentatiun caused considerable
divcussion among the participants,

The fourth figure (see Appendix B) of Professor Faeth's presentation defines
dilute sprays based on behavioral limitations. This figure provoked a strong
controversial response. It became clear that the boundary between dilute and
non-dilute behavior itself is a significant unknown and may be coupled to the
spray phenomenon of {interest. Thus, the boundary for droplet interactions
influencing evaporation or group mode combustion may differ from that for
turbulence modulation. Figure 4 then may be regarded as a general rule of
thumb, reflecting conditions which may be neither necessary nor sufficient for
dilute spray behavior,

Figures 8-11 identify three approaches to modeling spray behavior. These
approaches reflect contemporary capability for predicting turbulent flow
behavior in which drop sizes are much smaller than grid resolutfon of compu-
ters. Therefore, spray behavior has been modeled as a subgrid phenomenon
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using Reynolds or Favre-averaged differential transport equations with various
levels of closure. The results given in Professor Faeth's presentation all
were calculated with the k-epsilon closure model.

The first of the three models for particle-laden flows, {1lustrated in the
eighth presentation figure, is the locally homogeneous flow (LHF) model. In
this model discrete particle phenomena are ignored, and the particulate f{s
modeled as a jet of a second fluid continuum injected into the ambient fluid.
The model is rigorously valid only for infinitely small particles at low

volume fractions.

The second model discussed by Professor Faeth and illustrated in Figure 9 is
the discrete separated flow (DSF) model. In this model a particle laden flow
is simulated by a computationally tractable number of discrete particles.
Mass, momentum and energy exchanges between the particle and the fluid ambient
are influenced by the mean velocity of the fluid flow and not by ambient
turbulence behavior,

The last of the three models, shown in the tenth figure, is the stochastic
separated flow (SSF) model. It differs from the DSF class of models in that

ambient turbulence does influence particle behavior through a random sampling
of turbulent eddy behavior, ,

Figures 14-19, 20-22, 23-25, 26-28 and 29-39 show, respectively, comparisons
between the predictions of the three models and experimental measurements for
the particle-laden flows listed in Figure 13. Note that solid particles in
air and gaseous bubbles in Viquid were tested along with 1iquid sprays in air,
The SSF model predictions generally are quite accurate and outperform the
other models. Some inaccuracies are noteworthy for SSF predictions of radial
dispersion, but these errors are attributed to the inability of the k-epsilon
closure model to account for anisotropic turbulence. These predictions
reflect contemporary spray prediction capability.

Outstanding research issues for dilute spray behavior are summarized in Figure
57. Figures 42-56 reflect the current state of understanding for these
{ssues, including research programs which are currently active. These Figures
suggest that significant research remains for single droplet and dilute spray
behavior. A strong coupling exists to the atomization and nondilute phenome-
na, which initialize the aerothermochemical behavior of dilute sprays.

3.0 Non-dilute Sprays

The review of non-dilute sprays was given by Professor C. K. Law of the Univer-
sity of California, Davis. Suggested references were the review article by
Faeth (Reference 1) and the paper by 0'Rourke and Bracco (Reference 6),

As shown in Figure 3 (see Appendix C), the non-dilute or dense spray is a tran-
sitfon state between the atomization region and the dilute spray. In this
region the droplet density is high so that droplet-droplet interactions are
important. Further, the spray 1s not fully mixed with the ambient. Thus

there are substantial radial temperature and velocity gradients and droplets
are moving at moderate Reynolds numbers. The extent of the non-dilute spray
regfon is primarily governed by the rate of ambient entrainment and mixing.

The spray is dilute when the inter-droplet spacing has increased to the point




that droplets may be considered as inrteracting with the intervening fluid
instead of each other. A code developed for the non-dilute spray region
should be capable of treating the evolution of the initial droplet size and
. momentum distributions, as given by the appropriate atomization model. At
I present, this initial input is largely empirical.

Non-dilute sprays have been regarded as presenting a more difficult challenge
for analysis than dilute sprays becauce of phenomena described in the current
sumiary. DOr. Law suggested that opportunities for simplifications in analyses
: in non-dilute sprays also should be explored (see Figures 6 and 7). For

I example, the interior of the spray may be relatively cool and saturated with
vapor so that mass transfer and change of phase effects can be ignored.

While there may te differences in approach to the detailed modeling, there
appears to be agreement on the important processes which must be trcated in
a description c¥ non-dilute sprays. These are droplet collision, droplet

I transport, and two-phase flow interactions,

Droplet collisions may result in coalescence (see Figures 14-20), with one

resultant large droplet, partial coalescence followed by separation, resulting
g in the change in sizes of collision partners and/or the creation of new drop-
- lets, or inelastic recoil, with no change in size. Coalescence is governed by
| the rotational energy of the collision complex. If the ro.ational eneray of
the complex exceeds the increased surface energy necessary to form two drop-
lets, the complex will be unstable and separate. There is little quantitative
information on the other possible processes. Therefore, the inclusion of
droplet-droplet interactions iavolves the development of approximate, largely
intuitive models for collision effects.

UYL T

/
Droplet transport processes in non-dilute sprays must be modeled over the
) range spanning fluidized bed to non-interacting conditions. In addressing
- these problems, Dr. Law presented an extensive review of vaporization pro-
- cesses relevant to non-dilute sprays. This discussion is summarized in

> Figures 9-15. Approximate relations have been developed for drag coeffici-
| i ents, heat and mass transport rates in dense flows. However, these are
largely based on data obtained for particulate or low vapor pressure fluids.
Further research is needed to develop appropriate relations for vaporizing
droplets. Dense spray mass transport becomes particularly important for
combusting flows. The dynamics of group, as opposed to individual droplet,
combustion are governed b the fuel vaporization and transport rate from the
fuel rich, dense spray to the outer, oxygen-rich mixing zone.

LN

In the non-dilute spray region, the ambient gas is being accelerated and
entrained by the high velocity droplet stream. Turbulence production is
reduced due to particle inertia which also modifies turbulent transport (see
Figure 21).

4,0 Atomization
I The review of jet atomization was presented by ©r. Rolf Reitz of General
o Motors Research Laboratory and followed the general outline of Reference 11,
e While there appears to be no precise definition of atomization, for the pur-
® poses of this discussion, the term will be associated with that region of the
. injected fuel spray in which the fuel is reduced to droplets of size much less
3
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than the nozzle orifice. Thus, the atomization region can be considered as
extending from an undefined point upstream of the nozzle orifice to the non-
dilute region of the spray.

With other conditions held fixed, as shown in Figure 3 (see Appendix D), it
has been possible to identify four distinct regimes of jet breakup which are

a function of jet velocity. At very low speeds, the jet is unstable with
respect to small perturbations and forms droplets of a size equal to or larger
than the jet (Rayliegh instability regime). At slightly higher velocities,
the jet experiences a low shear interaction with the ampient gas and jet
breakup is augmented by the aerodynamic interaction between the liquid and gas
(First wind-induced breakup regime). The droplet size is still on the order
of the jet diameter., At higher velocities, jet breakup is due to the growth
of unstable surface waves produced by the relative motion between the jet and
ambient gas (Second wind-induced breakup regime). Since the wavelength of
these disturbarnces is short, the resulting droplets are much less than the jet
diameter. With the possible exception of the second wind-induced breakup
regime, the above processes may have little to do with the formation of spray
from practical fuel nozzles, since 31l three involve breakup at a considerable
distance downstream of the nozzle exit. In contrast, both single and dual
fluid (air assist) atomizers, when operating at their design points, appear to
atomize the fluid almost instantaneously upor emergence of the jet from the
nozzle, This final regime of jet breakup has been termed "atomization® and is
characterized by high jet velocities and/or high relative gas-1iquid veloci-
ties.

Also in contrast to the other three regimes, there is a lack of consensus on
the mechanisms operating in the atomization regime. Due to small dimensions,
the high liquid densities and other impediments to experimental investigation,
there is little direct knowledge about the stat: of the 1iquid and gas in this
region. Experimental studies have concentrated on elucidating the variables
controlling the spray shape and droplet size distribution and then inferring
the atomization mechanism(s) which are consistent with the data. While not
inclusive, the proposed atomization mechanisms, Figure 11, can be reduced to
six general types:

a. Aerodynamic interaction - This is similar to the wind-induced interac-
tion models developed for lower speed jets. Primary breakup is attributed to
wave growth on the 1iquid surface.

b. Pipe turbulence - Initial jet breakup is attributed to internal fluid
motion produced by turbulence generated upstream of the nozzle.

c. Wall boundary layer profile rearrangement - Breakup forces are produced
by the rearrangement of the fluid radial velocity profile once the jet exits
the nozzle and the wall boundary condition is no longer present. The redistri-
bution of energy results in radial velocity components which disrupt the jet.

d. Boundary layer acceleration - Fluid in the boundary layer accelerates
due to the abrupt change in constraint at the nozzle exit. This acceleration
produces interface stresses and surface waves leading to breakup.

e. Supply pressure oscillations - Jet instability and cross sectional
variations are directly related to variations in the fluid supply pressure.

4




f. Cavitation - Cavitation, and resultant two-phase flow, upstream of the
nozzle exit produce large pressure disturbances which lead to atomization.

Investigations of sprays produced by high pressure 1iquid jets injected into
quiescent, room temperature air have yielded data which are consistent with

the aerodynamic interaction model, if modified to empirically account for
nozzle geometry (see Figures 12-20). However, the role of nozzle geometry is
not well understood and a complete model for the atomization process could

well involve components of cavitation and/or boundary layer effects. It

should be noted that the reported agreement is not supported by direct measure-
ment of the droplet size distribution in the atomization region, Such measure-
ments have not been made. Rather, an assumed droplet size distribution, based
on scaling appropriate to the modified aerodynamic breakup model, has been
used, together with a non-dilute spray code, to predict the droplet size
distribution in the dilute spray region, where measurements have been made.
Clearly, there is a need for more direct methods of determining atomization
mechanisms and for a theory capable of predicting the droplet size distribu-
tion.

Discussion of Dr. Reitz's presentation produced two criticisms of the resuits:

1. Theoretical prediction of initial drop sizes was based on a linearized
stability analysis extended to interfacial wave amplitudes well beyond the
linear regime.

2. Supporting experimental results for drop sizes are based on measure-
ments of small numbers of drops at the spray perimeter, where flash photo-
graphs could be taken. The interior of the spray, containing most of the mass
flow of liquid, could not be measured.

Dr. Reitz and his co-investigator, Dr. Bracco, responded that their studies
represent the most advanced application of current scientific capability to a
complex physical phenomenon of high technological relevance. The perceived
shortcomings of this research should stimulate research to improve mathemati-
cal and instrumental capabilities.

5.0 Measurement Techniques

An overview of Spray Measurements, Methods and Applications was given by Dr.
William Bachalo of Aercmetrics, Inc. The text interspersed with Dr. Bachalo's
presentation Figures makes additional direct commentary unnecessary. This
presentation discussed generally the application of optical and physical probe
measurement techniques for determining drop size and velocity in sprays. Or.
Bachalo concluded that the phase Doppler approach, which has been the subject
of his research activity, offers superior capability with respect to the range
of drop sizes measured without adjustments to optical components and measure-
ments in high droplet number densities and large gas-phase index of refraction
gradients. This conclusion was contested bty Drs. Holve and Hess, who are
investigating other methodologies for drop size and velocity measurement.

Dr. Bachalo's presentation reflects the mainstream of research activity on
instrumentation for spray characterization. New requirements for instrumen-
tation will arise in relation to atomization and non-dilute spray research.




Some demonstration of these requirements already has been given in the presen-
tations by Drs. Law and Reitz. They would include the following:

1. Liquid volume fractions sufficiently high to discourage the use of
electromagnetic radiation. :

2. Interfacial geometries which are irregulur and highly complex.
3. Highly transient behavior.

Also related to these requirements is the need to acquire, quantify and
analyze information,

Dr. C. W. Kauffman made a brief presentation on neutron radiography--a
measuremant technique which has been demonstrated successfully under high
1iquid volume iraction conditions,

An overall assessment of Dr. Bachalo's presentation and related discussion
is that measurement of drop size and velocity in dilute sprays is approaching
credibility, although hampered by the lack of an accepted standard to test
accuracy. Techniques for measuring atomization and non-dilute spray behavior
are largely unexplored.

There are various methods for incorporating these effects depending upon the
turbulence model employed. Particularly at high droplet densities, there is a
lack of quantitative data to guide model development,

As has been noted in the above discussion, there are gaps in the understanding
of non-dilute spray phenomena. At present, these gaps are being filled by
approximations based on assumptions and extrap~'ations, largely from dilute
spray behavior. Nonetheless, computer models, incorporating these approxima-
tions, have been shown to be consistent with overall spray behavior. While
this may be partially fortuitous, it suggests that the overall approach is
correct. However, better diagnostic techniques, capable of determining local
gas and droplet properties in non-dilute sprays, are essential to provide
detailed verification of the complex models now in use and under development.

6.0 Research Needs

During the last two sessions of the meeting, the attendees developed a 1list
of the major research nceds in the general area of sprays. As given, and
ammended, these are:

1. Diagnostics for liquid scalar properties.

2. Control theory/dynamic sensing - this was recognized as an
application of spray understanding.

3. Drop/turbulence interactions.

4, Interphase transport phenomena - two phase, {acluding indirect
drop-drop interaction.




5. Critical point phenomena

6. Aerodynamic drop shattering and distortion.

7. Transient drop ignition/extinction,

8. Diagnostic instrumentation for dense sprays.

9. Highly transient spray effects - not covered in this meeting.
10, Surface wave instability.

11, Cavitation within injectors.

12. Non-dilute combustion and structure.

13. Spray-related combustion instability.

14, Identification of modeling simplifications appropriate to various
regimes.

15. Mechanisms of production of stable dfops.

16. Selection of reference atomizers for laboratory studies.

17. Computational methods for two-phase flows.

18, Transverse injection - injection into cross flow,

19, Scaling of experiments.

20. Drop-drop interaction - collision, coalescence and shattering.

21. Surface interactions - drop with wall,

22. Liquid phase reactions - monopropellant, fuel/oxidizer.

23. Surface tension.

24. Atomization of non-Newtonian fluids.
It should be stressed that this is not a prioriiized listing. Nc attempt was
made to assign priorities to ine various research needs. However, an examina-
tion of the 1ist reveals that a large number of the items deal with aspects of
atomization. This was probably predictable since, as was noted in tre review
presentation, atomization is the lcast understood of the spray phenomena.
7.C References
One of the preliminaries to the meeting was a request for relevant background

reference publications made to the invitees. The response to this request was
truly overwhelming--enough papers were suggested to require weeks of careful
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study. A sampling of these pap~-: was chosen for mailing to the attendees to
provide a perspective on curren .pray research capability. This sampling is
not intended to be comprehensive, and we offer our apologies to all of those
submitters whose sugge:ztions were not included,
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APPENDIX B

Dilute Spray Behavior

Figures by G. M. Faeth
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/STOCHASTIC MODEL
PRESENT STUDY
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ANALYTICAL SOLUTION
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Etochastic and analytical predictions of the dispersion of infinitely-
small particles, from Faeth, :
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PARTICLE DIAMETER (um)
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Evaluation of slurry-drop-life history predictions
for a fuel equivalence ratio of 0.557.
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RESEARCH ISSUES FOR DILUTE SPRAYS

1. DROP/TURBULENCE INTERACTIONS, E.G., TURBULENT DISPERSION
AND MODULATION.

2, INTERPHASE TRANSPORT PHENOMENA, E.G., TRANSIENT AND
DEFORMATION EFFECTS, SLURRIES.

3. HIGH-PRESSURE SPRAYS, E.G., NEAR-CRITICAL-POINT PHENOMENA.:
o 4. DROP SHATTERING.
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RESEARCH ISSUES FOR DILUTE SPRAYS

DROP/TURBULENCE INTERACTIONS, E.G., TURBULENT DISPERSION

AND MODULATION,

INTERPHASE TRANSPORT PHENOMENA, E.G., TRANSIENT AND

DEFORMATION EFFECTS, SLURRIES.

HIGH-PRESSULL SPRAYS, E.G., NEAR-CRITICAL-POINT PHENOMENA.

DROP SHATTERING.
DROP IGNITION AND EXTINCTION.
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| APPENDIX C
Non-Dilute Sprays

Figures by C. K. Law
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BEHARAVIOR OF NON-DILUTE SPRAYS
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10 GROUP COMBUSTION OF L:QUID DROPLETS
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DROPLET COglESCENCE

" EXNPERINMEN TR WoRK COF REITE FD BRACCO
SHou)S ATO0r1/ P9 710/ PRODUCES VERY Srracd

DROPLETS (~ /él«//«m)

" EXPERIMENTHL WORK OF AADO72 o400
HIROVASU SHows Lrfacrs BrGGER
DROLLETS (~ TENS of _tm ) FARTHER
DOMWNSTREANT OF NOLZZ2LE

NUAERICAL SOLu7/0A OF O ROCRKE
AND  LRACCO Shoa)s Z7HE D/IFLERLEN cE
IS CRUSED By DROPLET7T COLEScEACE

 TF TS 1S TRELE , TN DRorLET

| CORLESCLANCE Corszp [AFPUE Avecss
STRONGER LALECT 7PN DROPLET |
VB LoORIZA TION sA DPETERAIINIANG 7H7E |
DROSPLET S/PE

-90
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Drop collision eategories: (i) permanent coalesconce; {ii; bouncing; (iii) separation
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Atomization

Figures by R. D. Reitz




REVIEW OF LIQUID JET ATOMIZATION

Rolf D. Reitz
Fluid Mechanics Department
General Motors Research laboratories

for presentation at

Specialists Meeting on Atomization and Nondilute Sprays
Sandia National Laboratories,
Livermore, CA.
March 20-21, 198S.

ABSTRACT

In the atomization regime of a round liquid jet, a divercinc spray is
obsarved immediately at the nozzle exit. The mechanism that contrcols
atomization has not yet been determined even although several have been
proposed. An evaluation of existing theories shows that zerodynamic
effects, liquid turbulence, jet velocity profile rearrangement effects,
and liquid supply pressure oscillations each cannot alone explain
available experimental data. However, a mechanism that combines
liquid-gas aerodynamic interaction with nozzle geometry effects is
consistent with the data. But the specific process by which the nczzle
geometry influences atomization still remains to be identified.
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Reitz (Refs. 2,3,4)

5u and Wu (Refs. Z,6)

Test Liquia

Water, Glycerol,
and Their Mixtures

Water, O-Hexane,
and n-Twtradecane

Py 0.998 - 1.261 0.7¢3 -~ 06.998
Vn 3.9 - 18B.0 11.1 -107.8
uy 0.010 - 17.596 0.0332 - 0.0218
o, 63.0 - 72.8 18.4 - 32.8
.._..n room wﬂuv. . I0oo3 tesp.
Ambient Gas N,.He, and Xxe N,
Pgx10° 1.1 -~ 51,5 1.2 - 48.7
vm 0.1 - 4.2 0.1 - 4.2
Vgx10% 1.70 - 2,26 1.70
Ha room temp. roor texp. .
Nozzle oaoaannwnu 9 ‘ ?
a 34] 254, uawﬂ and 660
L/4 0.5 -~ 85 20 and 4.0
Argument of f 1.3x10° % - 1.6x10° 0.4 - 429
° /oy x 10 1.1 - 1s.6 T T Y
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COMPUTATIONAL DOMAIN
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dy= 304 +10%
Ox = 30u

2 surfoce rejression neghigible

3 mox flux = const

4 monodisperse drop 3128 ond velcities
8. surfoce soturated



. ——— —— —

) { | S

——

A |
/

~a

I
.

\\.“\\-—c

¢

:J...a
.

\:

-
1

" ——

[ X 4
1~

Y
L 3 AN

g

S
sme

o
a*v b (a8

KR

B!

K

- - o/ \ .ﬁ\...

,"

¥

- P4 P I / ~n

~

- - - - /7 N.ﬁ

~

~

:

- - - - - \ °
- - - - - 4

—— e+ —— . A —




R— 0 017 g/e’

L ]
- 4 |- ——~ #2 P9 0033 g/ow’

116 °

SMR




- Klin} poajoses 9q

UDD WSIUDYOW UOHDZIWOID Oy} wojeq i8f eyj jo 0109 .

Juul ay Dduiqoud pasinbas €D SjUBWIINSDOW [DUOCHIPPY €

‘ez1Is doisp pelnsoow
uDy} J8MO] ©8ZIS P8dIpesd ('q Jejewolp 8]ZZ0uU 0} ooedss:

yym puesj (‘0 uiojdxe oy KJOSS3JOU ©JD SBIPNIS |OUOHIPPY S

*10j) POJUNOIJD SI BIUeISe|DOJ puD UOLISH||SI
19]doJp 1 WsIUCYOSW J1WouApoaan ey} YilMm K|1104904s1}0s
pejOpow 940 UOISUS) @20jJ08 pudD P/| ©|ZZ0U ‘Ayususp sob

. b_uo?, voiioeful sa 8z1s doJp AJ04INS JANO 10l jo spues} paunsoeiy °|

+ SNOISMTIONOD




APPENDIX E
Measurement Techniques

Figures by W. D. Bachalo
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SPRAY MEASUREMENTS

METHODS AND APPLICATIONS

W .D. BACHALO
AEROMETRICS Inc.
P.O. BOX 308

MOUNTAIN VIEW, CA
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OBJECTIVES

¢ Discuss Spray Measurement

Requirements
o Review Present Capabilities

o Initiate Discussion On
Current And Future
Research Goals



Soa D e

DEFICIENCIES
IN EXISTING SPRAY DATA

e Reliability

© Simultaneous Size And Velocity
Measurements

¢ Angle of Trajectory
¢ Drop Concentrations
¢ Gas Phase Measurements In Sprays

¢ Polydisperse Two-Phase Flow
Measurements

° Drdp Drag Coefficient
®¢ Turbulent Drop Dispersion

¢ Spray Flame Measurements

AZROMETRICS, INC.

121




T

INTRODUCTION

The measurement of particle or drop size as well as velocity is
needed in a number of applications associated with the laser
Doppler velocimeter (LDV). It is well known that the particles
used to scatter light must be small enough to adeqguately respond
to the flow velocity fluctuations but large enough to scatter
sufficient light intensities. A method for simultaneous measure-
ment of the particle size and velocity can mitigate the concern
with the particle generation by limiting the velocity measure-
ments to the small particles. In other cases, fluid velocity
measurements are required in the presence of a dispersed particle
field. Such two-phase flow measurements may be associated with
spray drops in a turbulent gaseous flow, solid particles in a
slurry, or bubbles in cavitation studies. Several methods
including signal amplitude discrimination have been used to limit
the fluid velocity measurements to the small particles. However,
these methods do not completely eliminate the signals from larger
particles because of the Gaussian intensity distribution of the
laser. A method is required that can perform simultanous
measurements of the particle (or bubble) size over a large size

range.

There is also a great deal of interest in measuring the size and
velocity distributions of particles (drops, bubbles or solid
spheres). Current interest in spray combustion research, for

example, requires that these measurements be made in complex
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turbulent flow environments and often in the presence of
flames. Other applications demand the determination of mass flow

rat= which also requires the measurement of drop velocity.

In this presentation, a new method for obtaining the aforemen-
tio;ed Jata will be described. The method referred to as the
Phase/Poppler Particle Anslyzer is similar to a standard laser
Doppler velocimeter but has the added capability for measuring
particle size. The presentation will cover the basic light scat-

tering characteristics involved, the description of the method,

its evaluation and examples of data obtained with the instrument.

123

A T T W W W, T Y IV, W, WY, U



T T g e

T T TE AT RPEER VY M AT AT T TR e e L T T N T R T AT et

P R T T

General Comments On Particle Sizing

There are some general considerations to be made in selecting a
particle sizing method. Perhaps the firgt is to assess the
measurement reguirements in terms of size range, working
distances, spatial and temporal resolution, and whether the
actual distribution or simply distribution parameters are
measured. For example, the small angle forward scatter detection
system measures the Sauter mean diameter (D3,) based on the aver-
age of the particles within the collimat2d beam path. Single
particle counters measure the size of individual particles to
produce a direct measurement of the size distridbution. These
measurements are made at points in the particle field. Imaging
methods obtain size distridbutions over a volume of the particle
field defined by the field of view and the depth of field. The
size of the field of view as determined by the resolution
requirements and the need to obtain an adequate statistical dis-

tribution with a reasonadble number of recordings.

The type of sample averaging that occurs during the measurement
may also be important. Modern small angle forward scatter
diffraction systems and imaging systems can produce size distri-
dbutions in an instant. That {s, unsteady flows may be measuroed
to obtain a time history of the spray size distridbution. 8inglo
particle counters obtain size distributions that are average in
time. Current systems obtajin measurements at up to 50,000/sec.

However, in unsteady flows an ensemble average taken over several
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cycles may be required. The Phase/Doppler Particle Analyzer
(P/DPA) records the time of arrival of each measurement 80 the
temporal behavior of the particle field can be reconstructed,
Time resolved measurements are useful in Diesel sprays, for
example, wherein the injection occurs in a short period of time

but with change spray density and size distribution.

e SPATIAL AND TEMPORAL RESOLUTION
¢ SPACE
o POINT
o PLANE OR VOLUME
o OFTICAL PATH AVERAGE

o TIME
o INSTANTANEOLS
e TINME AVERAGED
s TINME RESOLVED

e ENANPLES
POINT MEASURTMENTY,
LASER BEAMS YL AVIRAGE
Tast ALSOLVED
Cnnumn
WTERFIROMETRY,
MTENSITY
SCATTEALD
Ligut aEctiven
(R
C ) )l q )
| ‘l
MOTOCRAIMY, | '\
#OLOGAMWNY ! VOLUME 8¢ ASURTMENY,
S TANTANE OUE RECORD
( IE Agé] )
’
S onacTION \omtn ate
avinasto
ARSOMTTRICS WNC
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CONSIDERATIONS IN TECHNIQUE SELECTION

e MEASUREMENT CAPABLLITY
e LDMITS ON OVERALL SIZE RANGE
¢ THEORETICAL - e.g. RESOLUTION LBﬂT ON SMALL DROPS
o ANALYTICAL DESCRIPTION - e.g. DIFFRACTION THEORY > 3y

e 1OSS OF SENSITIVITY - e.g. DIFFRACTION BY LARGE DROPS 1S CONCENTRAT:
IN THE FORWARD DIRECTION

o DYNAMIC RANGE
e MEASUREMENT RANGE AT ONE INSTRUMENT SETTING
e LIDMITATIONS
o INSTRUMENT RESPONSE FUNCTION
e DETECTOR/PREAMPLIFIER RESPONSE
e SAMPLE VOLUME
e LOSS OF SENSITIVITY
e SIGNAL-TO-NOISE
e OBSCURATION

ST

30 X mce———-

SIGNAL = 10 miltivelts 307 X 10 = 9000 mv

SCHEMATIC ILLUSTRATING DROP SIZE RANGE AND SIGNAL RESPONSE

. AEROMETRICS, INC
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Particle Number Density Considerations

Single particle counters have been recognized for their ability
to obtain size Jdastributions directly with high resolution and
can be coupled with the LDV to obtain simultaneous measurements
of size and velocity. However, the earlier arrangements using
forward scattered light detection were severely limited by the
need to have only a single drop in the sample volume at a time,

Off-axis light scatter detection eliminated this prodlem.

The modern single particle counters can obtain measurements in
sprays with very high number densities and are limited by sinmilar
conditions to the ensemble averaging techniques. The primary
limit is the extinction of the laser beam. Measurements have

Deen made with the beam extinction as large as 758.

Multiple particle or ensemble detection methods (small angle
forward scatter) are limited by the need to have a sufficient
number of 4drops in the beam to produce an adequate signal-to-
noise ratio. Ffingle particle counters 4o not suffer from low
number densities but the time required to odbtain a distridution
may become excessive. Well-designed instruments provide for very
large changes in the sample volume to overcome this minor limita-

tion.

The number density or particle flux is needed in many applice-

tions. Both the s’‘ze and velocity are needed to accurately
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determine this parameter. 1In addition, the sample volume needs
to be determined. This will be discussed in a later section.
Ensemble methods cannot measure the particle number density

directly. Often an extinction measurement is used to infer the

number density.

o DROP NUMBER DENSITY N(4)

e LINOTATIONS

e SINGLE PARTICLE COUNTERS - ONE DROP IN SAMPLE VOLUME AT A
T™E

¢ MULTIPLE PARTICLE DETECTION - MANY PARTICLE NEEDED FOR SIGNAL-
TO-NOISE

o SAMPLE SIZE/SAMPLE VOL\ME - SUFFICIENT NUMBER OF DROPS TO
DETER\ONE THE DISTRIBLUTION

o OBSCURATION

¢ FXTINCTION

o MULTIPLE SCATTERING

o MEASUREMENT OF N(¢d)
o SINGLE PARTICL: COUNTER
o LICHT EXTINCTION MEASUREMENT
e COLLECTION OF DROPS
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Size Distridbution Type

In particle field studies it is important to define and under-
stand the differences between the types ¢ distridutions that are
acquired. A spatial distribution is obtained when a collection
of drops occupying a given volume of space is sampled instantan-
eously, as with a high-speed photographic or holographic means.
As illustrated in the adjacent figure, the size distribution is
sensitive to the relative number density of each size class, N(4)

in particles per unit volume.

A temporal distribution is generated by measuring individual
drops that.pass through a sampling cross-section during an
interval of time. Thus, temporal distributions are generally
produced by collection technigues and by optical instruments
which are capable ©f sensing individual particles. The temporal

distribution depends upon the particle flux.

The temporal distridbution may dbe transformed into the spatial by
dividing the number of samples in each size class Dy the average
velocity of the particles in that size claso; 1f all of the
drops are moving at the same velocity, the spatial and temporal
distridbutions are identical. However, sprays generated by pres-
sure atomizers, for example, will produce differences in velocity
of an order of magnitude between the smallest to largest drops.
This emphasizes the need for simuitanecus Grop size and velocity

measurements.

129




e SIZE DISTRIBUTION TYPE

e SPATIAL
e AVERAGED OVER FINITE VOLUME

o INSTANTANEOLUS SAMPLE
o SENSITIVE TO RELATIVE NUMBER DENSITY N(d), PARTICLES/VOLUME

o TEMPORAL
o TIME AVERAGED
e SENSITNNE TO PARTICLE FLUX

F = N(d,)V'(d,)A(d;)

1 o) o «% |o |MmEAsurEmENT
o e ® ° VOLUME
4 )‘. O
1 oo "o MEASUREMENT .
- CROSS SECTION o ' ©®
I.—-.—-—. ®e
¢ 4
i ©
SPATIAL TEMPORAL
SCHEMATIC OF DISTRIBUTION ACQUISITION
AEROMEIRICS, INC.
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e DROP SHAPE
° SENS]TD'IT)'
e DETECTABILITY
e MEASUREMENT

e TECHNIQUES
e IMAGING - PROJECTED DIAMETER, OR DIMENSIONS

e DIFFRACTION - SAME AS ABOVE IF SYMMETRIC DETECTION
- AVERAGES TO PROJECTED “DIAMETER*®

~ PROJECTED DIAMETER, OR DIMENSIONS

"e REFRACTION OR REFLECTION - SENSITIVE TO RADIl OF CURVATI\RE
- MEASURED DIAMETER AN “AVERAGE" OF dy AND d»

\ DETECTOR

D

\—-/

= MEASURED DIAMETER AN “AVERAGE"” OF éy AND a4
.. AEROMETRICS, INC.
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e COMPATIBILITY WITH TEST ENVIRONMENT

e ACCESS REQUIREMENTS

¢ WORKING DISTANCE, w

e INTRUSIVE OR NONINTRUSIVE
o CONTAMINATION

e LIGHT EXTINCTION

e NMAGE DISTORTION ( T i l "

SCATTERED LIGHT DETECTION AND SHADOWGRAPH

‘ TRANSMITTERﬁm
g w

RECEIVER

SCATTERED LIGHT DETECTION AND INTERFEROMETRY

——
TRANSMITTER ];‘ RECEIVER )
LASER BEAM

SMALL ANGLE FORWARD SCATTER DIFFRACTION

o IMAGE
SOURCE - L RECORDER

— . =
PHOTOGRAPHY AND HOLOGRAPHY

EXAMPLES OF MEASUREMENT TECHNIQUES SHOWING NONINTRUSIVE
WORK!NG DISTANCES
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e DROP COMPOSITION SENSITIVITY

e INDEX OF REFRACTION
o IMAGING, DIFFRACTION HAVE LITTLE OR NO DEPENDENCE
e REFRACTIONAND REFLECTION ARE DEPENDENT ON REFRACTIVE INDEX
¢ INTERFEROMETRY CAN ELIMINATE DEPENDENCE

e DENSITY - PRIMARILY FOR IMPACTORS

e MULTICOMPONENT - SLURRIES, EMULSIONS
e INTERNAL SCATTERING
o DMAGING - ORAY
e INTERFEROMETRY - OKAY IF REFLECTED LIGHT IS MEASURED

e TEMPORAL AND SPATIAL VARIATIONS IN COMPOSITION
e INDEX OF REFRACTION CHANGES AS VOLATILES EVAPORATE
e SLURRY DROPS CHANGE IN MORPHOLOGY AS LIQUID EVAPORATES




SPRAY MEASUREMENTS
DIAGNOSTIC METHODS

¢ Imaging
® Enscmble Light Scattering
¢ Single Particle Light Scattering

¢ DMaterial Probes
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CATEGORIES OF TECHNIQUES

e IMAGING - “SEEING IS BELIEVING*®

e ADVANTAGES

EASY TO UNDERSTAND

INDEFENDENT OF DROP COMPOSITION
RECORDS DROP DISTRIBUTION IN SPACE
IDENTIFIED LIGAMENTS

DROP SHAPE MEASUREMENTS

e DISADVANTAGES

SLOW DATA REDUCTION

SAMPLE SIZE LIMITED BY SAMPLE VOLUME AND NUMBER DENSITY
LDMITED WORKING DISTANCE, RESOLUTION

REQUIRES HIGH OPTICAL QUALITY

SAMPLE VOLUME FUNCTION OF DROP DIAMETER

. & DIFFRACTION LIMITED RESOLUTION - ACTUAL RESOLUTION IS WORSE

BECAUSE OF ABERRATIONS

R=122  5.LENS TO MAGE DISTANCE

D- LENS DIAMETER

e DEPTH OF FIELD, L;
o HIGH RESOLUTION REQUIRES SHORT DEPTH OF FIELD

L;=24\(S/D)? d=R

L;=1IR*
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e MATERIAL PROBES - e.g. HOT-WIRE

o ADVANTAGES
e EASY TO USE

INEXPENSIVE
LARGE SIZE RANGE

e DISADVANTAGES

INTRUSIVE/PERTURBING

LIMITED DROP SPEED/DROP SHATTERING
UNCERTAINTIES IN SAMPLE VOLUME
CONTAMINATION SENSITIVE

TEMPERATURE SENSITIVE

UNCERTAIN END EFFECTS ON WIRE SUPPORTS
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Particle Sizing By Light Bcatter Detection

There are several methods available for obtaining the particle
size from the detection of scattered light. Perhaps the most
obvious means involves the mezsurement of the amplitude or
intensity of the scattered light. Particles greater than the
1ight wavelength (~3 microns) scatter 1ight in proportion to
their diameter squared. The scattered intensity of known-sized
particles can be measured to calibrate the system to determine
the collection efficiency and gain before measuring size

distridbutions.

When using laser beams, the Gaussian intensity distribution
presents an ambiguity due to the uncertainty in the 1ncid;nt
intensity on the particles. The random trajectories of the
particles through the beam presents a range of incident

intensiti.ys on the drops. One method used to remove this uncer-

'tninty is to accept only signals from particles that pass through

the center of the beam. This may be édone with a pair of
detectors and specially designed masking systems. Unfortunately,

the method requires a very short working distance.

Another method invol-res the use of two concentric beams, one with
& much smaller diameter than the other and having a @ifferent
wvavelength or polarization. This “"pointer beam” method uses the
omaller beam 10 indicate when the purticlio have passed through

the center of the larger beam. A deconvolution method has also
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been developed which uses statistical methods to resolve the

ambiguity.

In general, scattering intensity methods require frequent cali-
brations, are subject to errors resulting from laser beam atten-
vation and improper alignment. High particle number densities
found in sprays, for example, can produce dbeam extinctions as
high as 70%. Refractive index fluctuations in spray flames can
produce beam spreading and deflections. Each of these effects

produces erroneous measurements resulting in size measurements

that are too small.

In the forward scatter direction, the angular distribution of the
scattered light is inversely proportional to the particle size.
The angular distribution of the scattered light can be utilizead
to size particles from 0.1 to 300 micrometers in diameter. Small
angle forward scattering (ensemdble method) is us~d for particles
in the size range of S to 300 micrometers with rclutiv;ly good
‘accuracy. For larger sizes the scattered light :s concentrated
along the transmitted beam and its measurement bicomes very

sensitave to the angular resoluticn of the dete~tor.

More recently, the theoretical description for the dual beam
light scattering has been developed. The light scattering inter-
ferometry method bases the measurement of the particle size on
the relative phase shift of light scattered from one beam with

respect to the Oother. This method has the advantage of having a
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linear reponse to the particle size, is independent of the scat-

tered intensity, and is essily combined with the laser Doppler

velocimeter.

o UICHT SCATTIR DETECTION

® POSSIPRITIES FOR SIZE DETEAMENATIONS
o SCATTERED LICHT INTENQUTY
® ANGULAR DISTRIBUTION OF SCATTERED LUCHT
¢ RCLATINT PHASE SHIFT OF SCATTERED LIGNT

o SCATTERED LICHT INTENSITY
s OPTICS

MEASUREMENY
LASER voLUmg

e SCHEMATIC OF LIGHT SCATTERING BY A SPMIRE

new Searm it

{
1]
FORDARD KLATHREID
OB D900LYPN
* b o A€ Qeim 0.4y .
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Light Scattering Treoxy

Without going into details, the light scattered by homogeneous

spherical particles of arbitray size is described exactly by the

Lorenz-Mie theory. Unfortunately, this method is cumbersome for
general use and is not amenable to gaining insights into the
scattering phenomena. For very small particles (d<<) the
Rayleigh theory may be uvsed as a good approximation. Light
scattering by particles much larger than the light wavelength may
be accurately descridbed using geometrical optics theory. The
diffraction and geometrical optics theories are asymptotic
approximations to the Lorenz-Mie theory. These methods have the

advantage of making it easy to understand the scattering

mechanisms.

38 LICHT SCATTLRING THEORY
o RAYLEICH SCATTERING (g

e LORINIME TIEORY (Um))
o HOAMOCENTOU'S SPHERES IN A HOMOGINEOL'S ENVIRONMENT
e VALID FOR SPHIRLS OF ARBITRARY SI2E
o IMACT SOLLTION

o DUTRACTION WD)}
o APPROXMATION. WOLDA K om & > 9
o INDEPINDENT OF REFRACTIVE INDEX
o A\PLITMIDL PROPORTIONAL TO ¢
® ANGILAR DISTRBAUTION PROPORTIONAL TO 1/¢

¢ CIOMITRK AL OPTICS - RITRACTION AND REFLECTION D))
¢ APPRONMATION HOLDS W om ¥ > 0 .
o I\DEN OF RETRACTION. oim=1}D ¢
o AMPLITLDL PROPORTIONAL TO ¢
o ANGULAR DISTRINTION INDEPENDENT OF ¢

(AVERAGED OVER RESONANCES)
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e ANADYTICAL DESCRIPTION OF THE SCATTERED LIGHT

o SIZEPARAMETER o= 1if
e SCATTERED INTENSITY

i(o,m,6) =| S{a,m,0) 2
S(a.m,#) - LIGHT SCATTERING AMPLITUDE FUNCTIONS

#(a,m,#) - SCATTERED INTENSITY COEFFICIENT

e DIFFRACTION

Jilasin )

| o ol
S¢pi0.0) o[ Y

J) 1S THE FIRST ORDER BESSEL'S FUNCTION OF THE FIRST KIND.

o COMMENTS
e INTENSITY IS PROPORTIONAL TO ¢°

» d1SINTHE ARGUMENT OF J)(osin #) (ANCULAR DEPENDENCE OF SCATTER
DISTRIBUZION)

o Jyeot = lyilo,m,0)
Jo - INTENSITY INCIDENT UT'ON THE DROP

léi




Geometrical Optics Theory

The geometrical optics description of light scattering is
relatively simple. Laws of reflection and refraction are usel to

describe the direction and spread of the emergent light.

On the adjacent page a schematic of the light scattering
phenomena is shown. A spherical particle is shown immersed in a
laser beam. The lower enlargel figure shows a representative
pencil of light incident on the sphere. Part of the light in the
pencil is reflected and part is transmitted. The ratio in the
two components can be determined from the Fresnel reflection
coefficients. The light is deflected in accord with Snell's law

and the laws of reflection.

Usang these basic laws the scattering coefficients can dbe
calculated and are shown on the foliowing pages. The angle @ is
taken with respect to the transmitted laser beam. After obtain-
ing the scattering amplitude coefficieints they are summed and
the square of the amplitude is the intensity (remember that the

amplitude coefficieints are complex numbers).

Plots ©of the scattering intensity obtained from the simple
theories of diffraction, reflection and relraction are compared
to the exact Lorenz-Mie theory calculations for a 5 micrometer
sphere. The results including the high frequency resonances are

in very good agreement.
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o DRAWING SHOWING THE DROP IN THE LASER BEAM AND THE DIVERGENCE
OF AN INCIDENT PENCTL OF LIGHT

. i :
‘.t‘.'.{-~ b o—

A
-
-‘t "—
D. [ 1478 LIGHTY BCATTIRED
(-] BY REFRACTION
LIGnT

LICGHTY SCATTERED
BY AIFLICTION

EMERGENT LIGHT SPREADS INTO AN AREA

A = Yoin 0d0de

e REFLECTION (PERPENDICULAR POLARIZATION)

e Sl o)

o COMMINTS
o d-DOTS NOT AFFECT THE ANCULAR DISTRIBUTION EXCEPT THROUGH
THE EXPONENTIAL PHASE TERM
o SCATTERID INTENSITY IS DEPENDENT LPON REFRACTNE INDEX m
o ENPONINTIAL PHASE TERMIS INDEPENDENT OF THE REFRACTNT INDEN
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e REFRACTION (PERPENDICULAR POLARIZATION)

o = i-(12fipeet)] oot oo

i-mi 2sin 0(l+m?-2mcos g)’

X exp[j(gzz - 20Jl + m?~2mcos ;)]

o COMMENTS
o d DOES NOT AFFECT THE ANGULAR DISTRIBUTION (EXCEPT THROUGH
THE EXPONENTIAL PHASE TERM)
e SCATTERED INTENSITY IS DEPENDENT UPON REFRACTIVE INDEX, m
e EXPONENTIAL PHASE TERM IS DEPENDENT UPON THE REFRACTNNVE INDEX

oSCATTERED LIGHT INTENSITY

S(o,m,0) = Sgs(0,8) + 5Ma,m, 0+ 5% o, m,0)

i(o,m,0) =] S{a,m,9) |2

AFROMETRICS. INC.
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o EXAMPLE OF SCATTERING DIAGRAM

108

Ro8,mWATER DROPLEY
o= GEOMETRICAL OPTICS
o == MIE THEORY

i (o

¥4 1 A B | 1 1 1 3 1 § I . | 1 |
We 2 o L8 80 2 u Wis
degrees 0d
10° 1! raree)
il® 1He)
il

103

o CONNENTS:
e GEOMETRICALOPTICSISIN GOOD AGREEMENT WITH EXACT MIL THEORY
FOR 8ym DROP, o = 'S' 225
¢ OSCILLATIONS IN THE INTENSITY IS DUE TO INTERFERENCE BETWEEN
THE SCATTERING MECHANISMS (REFRACTION, REFLECTION, AND DIF-
FRACTION)

AEROMETRICS, INC.




o COMMENTS

..........

e INCIDENT LASER LIGHT, Jp, HAS GAUSSIAN INTENSITY DISTRIBUTION
o INCIDENT INTENSITY ON DROP DEFENDS ON TRAJECTORY THROUGH
BEAM
FORWARD SCATTERED LOBE - DIFFRACTION

e AMPLITUDE PROPORTIONAL TO d?
e ANGULAR DISTRIBUTION PROPORTIONAL TO 1/d
e INDEPENDENT OF PARTICLE COMPOSITION

“OFF-AXIS™ SCATTERED LIGHT - REFLECTION AND REFRACTION
¢ AMPLITUDE PROPORTIONAL TO 42
e ANGULAR DISTRIBUTION (AVERAGED) INDEPENDENT OF d
e DEPENDS ON REFRACTIVE INDEX
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e ANGULAR DISTRIBUTION OF SCATTERED LIGHT
e SMALL ANGLE FORWARD SCATTER DETECTION
e OPTICS

LASER J

e SCHEMATIC DIAGRAM OF ENSEMBLE OF SCATTERED LIGHT INTENSITY
DISTRIBUTIONS

o COMMENTS

® AVERAGE OF ALL PARTICLES IN THE BEAM DURING SAMPLE ACQUISITION

e SENSITIVE TO ANGULAR DISTRIBUTION OF LIGHT (PROPORTIONAL
TO 1/4)

e DECREASING RESOLUTION WITH INCREASE IN PARTICLE DIANMETER

. . AEROMETRICS, INC.
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SINGLE PARTICLE COUNTERS

¢ Intensity

¢ Relative Phase Angle

148




SR T LA T T R N e LA T B 8 LB kA el VML S e A § e b C S m men e eeeas o
.

COMMENTS ON LICIIT SCATTER
DECONYOLUTION METHOD

amne : asu—

e Sensitive To Beam Attenuation
e Alignment Is Critical
® No Size-Velocity Correlations

® Poor Sensitivity To Larger Drops
With Near-Forward Scatter
Detection

¢ Not Evaluated In Dense Sprays
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Light Scattering Interferometry

The phase of the light transmitted or reflected from the
spherical particle is the key information used in the Phase/
Doppler method. Relative phase shifts are introduced to the
light wave as a result of the optical path differences of the
rays scattered by the sphere. The adjoining figure shows a
transmitted ray along with the imaginary reference ray deflected
at the center of the sphere as if the sphere was not present.
The relacionship for the phase shift between the actual and
reference rays is given. The tand 1’ are incident and refracted
angles taken with respect to the surface tangent. p is the ray
of interest (p = 0 first surface reflection, p = 1 single trans-

mission, p = 2 internsl reflection, etc.).

o PHASE SHIFT DUE TO LENGTH OF OPTICAL PATH

/

REFERENCE
RAY

fgaL
RAY

phase shih

24 (sin 1 - pmsin v')

drop dismeter

light warelesgd

talen with respect 10 an imsginary

#8) defected ot the center of the sphere

->»aDD

AEROMETRICS, INC.
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The light scattering interferometry method requires the same
treansmitter optics as & 4dual dbeam LDV. When two intersecting
beams are incident upon a particle, the particle scatters light

from each beam independently.

1f a representative ray from each beam is considered, it is easy
to see that they reach a point P by different optical paths.

This is true Decause they enter the sphere at different angles.
The optical path diffesrence results in a relative phase shife
between the rays arriving at point P. The relative phase differ-
ence can be computed from the relationship described earlier. 1f
the computations are carried out for each ray incident upon the

sphere, a scattered interference fringe pattern can be generateil.

s OPTICS

WEASUREMEINT

o SCHIMATIC OF DUAL BEAM LICHT SCATTERING

~:
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)RV
Y

- ) . | 'R
casts +

Slasy
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o TWO INTERSECTING LASER BEAMS INCIDENT UPON THE DROP

a:‘m “k / ‘ -
- -1 |
] :
2
Oﬂ"'/
, \ “‘
RAY Y ‘ : \ \ \' D _
“RAY 2 =T \ \ \
o\

o OBSLRVATIONS
o RAYSFROM BEAMS 1 AND 2 REACHA COMMON PGINT P E , DIFFERENT
OPTICAL PATHS THAT DEPEND ON THE BEAM INTERSECTION ANGLE,
o AS WELL AS REFRACTIVE INDEX, m
o THE OPTICAL PATH DIFFERENCE PRODUCES A RELATIVE PHASE SHIF T
AT P

AERROMETRICS, INC
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e PHASE DIFFERENCE BETWEEN RAY 1 AND RAY 2 FROM BEAMS 1 AND 2'-

¢=4,-4;
¢ = gi‘—’[(sin 1} — sin 13) = pm(sin r} - sin 7!)]

e PRODUCES AN INTERFERENCE FRINGE PATTERN

o COMMENTS
e PHASE ¢ 1S PROPORTIONAL TO THL DROP DIAMETER, d

o MEASUVREMENT OF ¢ NMPLIES MEASURING THE INTERFERENCE FRINGE
PATTERN

o THEINTERFERENCE FRINGE PATTERN PRODUCED BY A MOVING DROP
APPEARS TO MOVE AT THE DOPPLER DIFFERENCE FREQUENCY".

AEROMETRICS, INC.
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e PHOTOGRAPH OF THE SCATTERED INTERFERENCE FRINGE PATTERN

A photograph of the actual interference fringe pattern is shown.
The fringe pattern was produced by a stationary drop held at the
beam intersectinon. Note that the fringes are hyperbolic curves
with straight fringes thrnugh the bisector of the beams. The
spacing of the fringe pattern is inversely proportional to the
drop size and also depends on where the Observation is made. The
theoretical predictions provide all of the necessary parametric

information for obtaining the drop site.

AEROVETRICS, INC.
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Phase/Doppler Particle Analyzer

In order to obtain drop size measurements, the spacing of the
interference fringes must be ﬁeasured accurately. Particles
moving through the laser beam intersection scatter interference
fringes that move at the Doppler difference frequency. The laser
Doppler velocimeter neasures this frequency to obtain the
particle velocity. A means is required to measure the fringe

spacing at the same time.

1f pairs of detectors are locatea in the £i 14 of the scattered
fringe pattern, each detector will produce a Doppler burst signa.
but wath a relative phase shift between the signals. The phase
shift detween the Doppler burst signals is inversely proportional
to the fringe spacing and hence, dirsctly proportionel to the

particle size.

Three detectors are required to avoid ambiguities associated with
phase angle measurement of greater than 360°. Th:. sdditional
phase measurements 8lso serve to extend the size range of the
inotrunent at one optical setting. In addition, comparisons of
the phase angle measurements between pairs of detectors are used

to evaluate the measurements and to reject spurious signals.
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PHASE/DOPPLER SPRAY ANALYZER

& OBSERVATIONS
e TEAPORAL FREQUENCY OF THE SCATTERED FRINGE PATTERN IS LINLARLY
RELATED TO PARTICLE VELOCITY - ¢ g LASER DOPPLER VELOCINETER

‘elocity = § X fp

§ = a3 - ) BEAM INTERSECTION ANGLE

Jp - DOFTLER DITERCNCE FREQUENCY

o SPATIAL FREQUINCY OF THE SCATTERED FRINGE PATTERN IS LINEARLY
RELATED TO PARTICLE (SPHERE) DIAMETER

Aw 'T‘(uiu,--hu)—rn(siu'.-uh",i]

o PRINCIPLE OF MEASUREMENT - PAIRS OF DETECTORS LOCATED IN THE
FIELD OF THE SCATTERED FRINGE PATTERN WILL PRODUCE SIMILAR DOPPLER
BURST SIGNALS BUT WITH A PHASE SHIFT. THE PHASE ANCLE BETWEEN
THE 35IGNAL PAIRS IS PROPORTIONAL TO THE DETECTOR SPACING AND
THE SCATTERED FRINGE SPACING.

E

"
e
<
— —co—
Cetetd

L 4
-’
gp—

. A

i NS
[ ]

|

PAmGE PATTE RN PILYERED Si10NALS
WItn DETECYON
APSRTURES SHOWN
’ ' AIROMITIICS. INC
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e OPTICAL SYSTEM

MEASUREMENT
VOLUME

LASER

DEAM

SPLITTER
DET 1
DET 2
DET3

DLIT

DET?

OLT 3 .

FILTERED DOPPLER BURST SIGNALS
ARCMITICS, C
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Phase Variation With Drop Size

The theoretical prediction of the phase angle versus the
dimensionless drop size is shown on the adjacent figure. The
line with the steeper slope identified as ¢1_3 corresponds to the
detectors with the greatest spacing while the lower slope of ¢1_2
corresponds'to the smaller detector spacing. 1In this particular
exampla the ratio of the detector spacings was three. With this
detector arrangement, the signal processor has sufficient

resclution to provide a size range of 105 at a single optical

setting.

The relationships for all of the optical parameters involved were
tested using monodispersed drops. In all cases, the monodisperse

drops could be measured to within a few percent of the predicted

size.

¢ THEORETICAL ANALYSIS

» PROVIDE MATHEMATICAL DESCRIPTION OF INTERFERENCE PATTERN
o DEFINE PARAMETRIC EFFECTS

o PRODUCE FUNCTIONAL RELATIONSHIP FOR DROP SIZE

e DESCRIBE THE SAMPLE VOLUME AS A FUNCTION OF DROP SIZE
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e THEORETICAL PREDICTION SHOWING THE PHASE VARIATION WITH
DIMENSIONLESS DROP SIZE

360 I
270
w 180 }
Q
x
(S
90 -
‘_! B | I §
] -3 %0 113 20 s 30
DIAMETER/DELTA
INSTRUMENT RESPONSE CURVES
o COMMENTS

e LINEAR RELATIONSHIP

, A
De.!t—& - 3sio ’/2

4 = LASER BEAM INTERSECTION ANGLE

e THREE OR MORE DETECTORS REQUIRED TO:
e PREVINT PHASE AMBIGUITY
e INCRLCASE DYNAMIC RANGE AND MAINTAIN SENSITIVITY
o REJECT SPURIOUS SIGNALS

DETERMINE DIRECTION OF FRINGE MOTIONS

ABYOMETRICS, INC
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o \VERIFICATIONS OF THE THEORETICAL PREDICTIONS

360
® DATA

w
3

N

o

o
J

PHASE ANGLE, deg
@
o
¥

THEORETICAL CURVE
60 I PHASE ANGLE vs. D/DELTA
FOR{/1=97¢,0+=30°, m= 133

U NS NS TN SN RN SRR N S
0 2 4 ] s .10 12
D/DELTA

e SIZLC RANGE SZLECTION
¢ BEAM INTERSECTION ANGLE
e DETECTOR SPACING

o OPTICAL PARAMETERS AFFECTING MEASUREMENT

- refractive index of drop

= lascr light wavelength

- laser beam intersection angle
observation angle

- observation distance

w2 > 3
'

- detector spacing

o PARAMETERS CHANGE THE SLOPE (SIZE SCALE) OF THE RESPONSE CURVE

ARROMETRICS, INC.
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Sample Volume Normalizations

All single particle counters using lasers produce distributions
that are biased dAue to the Gaussian beam initensity 8istridbution.
The bias occurs &s a result of the larger particles producing a
detectable signal from a larger area of the sample volume than

the small particles. Small particles may only be detected when

they pass through the central high intensity region of the beam.

The bias may be removed by accounting for the change in sampling
cross-section with particle size. Analytical descriptions have
been used by assuming an ideal Guaussian beam intensity distri-
bution and that the beam intensity is not affected by windows or
the particle field. This cbviously cannot be relied upon in most

practical applications.

The Phase/Doppler Particle Analyzer has incorporated a method for
measuring the sample volume cross-section for each size class.
Since the sample volume is measured with every size distridbution,
the effects of the measurement environment are accounted for in
the sampling statistics. This method also provides greater con-

fidence in the determination of the mass flowrate.
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System Evaiuation

Extensive experimentation was conducted to verify the performance
of the P/DPA. The early experiments involved the measurement of
monodisperse droplets with the beams passing through sprays. The
opray had little or no affect on the measurements. Comparisons
of spray measurements were made with other instruments. The
adjoining figure shows an example of results obtained by Delavan
Inc. These data were obtained using a light scattering probe for
the small particles and an imaging system for the larger
particles. The relatively large dynamic range of the P/DPA
allowed the coverage of the entire size distirbution at one

optical setting.

Other measurements were made to characterize the axial and radial
size distributions of pressure and two-fluid atomizers. Repre-
sentative results are shown on the attached figures. Note that
the white dots within the histogram bars represent the data

before being corrected for the effects of the Gaussian beam.

Size-velocity correlation data are also presented. These data
Tepresent the mean and rms velocities for each particle size
Class. The evolution of the spray as a result of the relative
velocities of the particles and their respactive rates of relaxa-
tion can be derived from these data. For example, the size
velocity correlations have been presented to show the spray

development with axial and radial distance.
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e PRESSURE ATOMIZER
o DELAVAN 45B, .6gpb AT 60 psig
o MODERATE DROP }NUMBER DENSITY

- ——— DATA SUPPLIED BY DELAVAN INC
D‘o - “.'
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® © PHASE/OOPPLER DATA
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DROPLET DIAMETER, xm

PRESSURE ATOMIZER

o COMMENTS
o COMPARISON TO DELAVA'S INC MEASUREMENT
e AGREEMENT ON D,0 AND Dy2
e CANNOT CONCLUDE ACCURACY FROM Dj» COMPARISON
e SIZE DISTRIBUTION GREATER THAN FACTOR OF 30
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In summary, the recognized potential characteristics of the method are:
linear relationship between the measured phase angle and drop size
size range of 30 or greater st s single optical setting
overall size range of 3 to 2000 microns
simultaneous size and velocity messurements
relative insensitivity to deam or light scatter attenuation
bigb spatial resolution
operation is similar to an LDV
adaptable to existing LDV systems
cap distinguish between gas pbase and droplets
reduced sensitivity to misalignment

can perform measurements independent of refractive index.

A patent application bas beep fled.
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RECENT DEVELOPMENT.

IN MEASUREMENTS TECIHNIQU.S

L ——

¢ Simultancous Measurements of
Size And Velocity

¢ DPoint Mcasurements In Dense
Sprays

¢ Minimized Impact of Measurement
Environment

¢ Improved Dynamic Range

¢ Extended Size Range
0.5 to 3000 um

¢ Spray Flame [{easurements
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PROBLEM AREAS

RESEARCIH OPPORTUNITIES

L J

e Verification of Performance

¢ Near-Nozzle Measurements

o Iligh Number Density Environments
o Gas Velocity Measurements In Spray:
¢ Nonuniform Seeding

¢ Spray Flame Measurements

¢ Drop Data In Lagrangian Frame

® Measurement of Turbulent
Dispersion of Drops

¢ Communication With Modellers

¢ Convincing Funding Agencies
Basic Data Is Unavailable
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